Procedures are fundamental to the medical profession. Acquiring competency in procedural skills is a fundamental goal of medical education, requiring specific education, training, and assessment. Once competency is acquired, maintenance of skills is essential to avoid natural skill decay. The well-known Halstedian mantra "see one, do one, teach one" is the traditional paradigm for teaching procedural skills in medicine. In this paradigm, procedural skill training is accomplished through direct patient care, with trainees practicing procedures on patients as part of a medical apprenticeship model. This training method has been brought under scrutiny within the past decade because of patient safety concerns, 1 and an end to the "see one, do one, teach one" era, through the use of simulation-based medical education, has been proposed. Simulation-based medical education is an instructional technique that enables trainees to safely gain competency in procedural skills without harm to patients. Its use has been associated with better patient care and improved patient safety. [3] [4] [5] [6] [7] [8] [9] The utility of simulation for psychomotor skills acquisition has been recently reviewed, 10 and the use of simulation is advocated by the Accreditation Council for Graduate Medical Education (ACGME). 11 Thus, a modern pedagogy for procedural skill education should incorporate instructional design strategies that effectively use simulation as a procedural skills training platform.
In this article we describe an evidencebased, pedagogical framework for teaching procedural skills in medicine. We developed our proposed framework-learn, see, practice, prove, do, and maintain-based on a review and critical synthesis of the literature. The proposed framework includes simulation as a key educational modality and incorporates proven instructional design features, such as deliberate practice and mastery learning, as critical components. The framework addresses the development, assessment, and maintenance of procedural skills. The foundation of the framework is rooted in adult learning theory.
We begin by describing the search methodology used to define the proposed framework. Next we describe the fundamentals of procedural skill development to provide context for the training framework. We then describe each step of the framework, including relevant examples and supportive data from the literature. To conclude, we summarize and discuss the implication of using the proposed framework.
Literature Review and Synthesis
To develop our proposed framework, we followed a nonsystematic, critical synthesis approach. 12, 13 The process was completed in two phases over the course of two years. Phase I focused on collating evidence in support of a unified procedural skills training framework. Phase II involved a critical synthesis of the literature in relation to the proposed framework.
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During Phase I, five reviewers (T.S., M.W., P.Z., D.K., M.A.) performed a broad review of the literature pertaining to psychomotor skill training and procedural skill education in medicine. After individual reviews, the authors met in January 2013 to discuss the results and map a draft procedural skills training framework. During Phase II, after the draft framework was developed, the original five and five additional reviewers (T.C., J.A., H.F., A.A., L.J.) searched the medical literature for empiric evidence to support or refute the framework. The authors met again in January 2014 to review the evidence and formalize the final framework.
In keeping with a nonsystematic critical synthesis approach, articles reviewed in both phases comprised a broad range of materials, including descriptive/narrative reports; qualitative and quantitative studies using both experimental and quasiexperimental methods; literature reviews; systematic reviews; and meta-analyses. We also employed searches of gray literature and hand searches of bibliographies. Given the diversity of materials reviewed, we did not attempt to quantitate results, grade the level of evidence from each paper, or perform statistical analysis. Instead, we strove to consider the literature broadly to answer the focal question What is the best framework for teaching procedural skills in medicine?
Procedural Skill Development
We define procedural skills to include "the mental and motor activities required to execute a manual task." 14 Procedural skills can range from simple tasks, such as drainage of an abscess, to complex tasks, such as endotracheal intubation. However, we believe that learning any procedure follows the same fundamental process, thus allowing all procedural skills training to be based on a common framework. 4. Adaptation indicates that skills are so well developed that the individual can modify movement patterns to fit difficult situations.
5.
Originating, the final step in skill development, defines a phase in which the skill has been mastered to such an extent that new movement patterns can be created to fit a particular situation or unique problem. Figure 1 shows the developmental progression in procedural skill mastery using Simpson and Harrow's taxonomy and correlates each of the five stages of psychomotor skill development with the Dreyfus and Dreyfus developmental stages lexicon. It is within this context of procedural skills development that our proposed pedagogical framework for procedural skill training is employed.
An Evidence-Based Pedagogical Framework
We identified numerous reports on how to conduct procedural skill training in medicine. [18] [19] [20] [21] [22] [23] We also identified several practical guides on teaching medical procedures. [24] [25] [26] Of the available training methodologies, we felt the paradigm provided by Kovacs 18 provided one of the best approaches and possessed a high degree of validity based in its foundation in psychomotor learning theory. According to Kovacs, procedural skill training should encompass four steps:
1. Learn: A trainee should learn about the procedure and acquire the requisite cognitive knowledge.
See:
The trainee should then see the procedure performed by an instructor or preceptor.
3. Practice: After learning the procedure and observing it being performed, the trainee should practice the procedure.
Do:
Finally, the trainee should continue to practice the procedure by performing it on patients.
Individual able to create new movement patterns to address a unique situation, or specific problems.
Skills are well developed and the individual can modify movement patterns to address difficult situations.
Proficiency is indicated by a quick, accurate, and highly coordinated performance.
Skills have become habitual and the movements can be performed with some confidence and proficiency.
Early stage of learning where skills are learned through imitation and/or trial and error. We believe this takes into account the best evidence currently available in procedural skills education and establishes a modern pedagogy for procedural skills education in medicine. An overview of the pedagogical framework is presented in Figure 2 , and we discuss each of the components of the framework below.
Level of psychomotor skill & Dreyfus level

Novice
Learn
Teaching and learning procedural skills can be divided into two phases: the cognitive phase and the psychomotor phase. 18 The relative importance of each phase, and the amount of time devoted to each, is dependent on both the procedure and the learner. The cognitive phase is the period devoted to learning about the procedure and developing an understanding of the indications, contraindications, and motor actions involved. Some complex procedures may require a significant cognitive component, whereas simple procedural skills may require minimal cognition. The cognitive phase comprised two subphases: conceptualization and visualization. 18 In our proposed framework, the first phase of procedural skill training involves acquiring the required cognitive knowledge about the procedural skill. This Learn step focuses on conceptualization. Instructional techniques involved in this step could include learning strategies such as assigned reading, didactic sessions, and multimedia Web-based programs. 27 The benefits of providing a cognitive component prior to any hands-on training is supported by empiric investigation. 28, 29 This step can be conducted individually, or in a group, through either asynchronous or synchronous modalities. Verification of cognitive knowledge can be done with a standardized test, such as a multiplechoice exam, which can be used to verify that requisite cognitive knowledge has been gained prior to the initiation of hands-on procedural skill training.
See
After the cognitive phase has been completed, the next phase of procedural skill training involves an instructor demonstrating and modeling the procedure for the learner. The See step focuses on visualization. 18 The demonstration of a skill is optimized by including both nonverbal and verbal instruction. 26, 30 The nonverbal instruction includes a demonstration of the procedure from start to finish without commentary. The verbal instruction, referred to as "deconstruction" by Peyton, 30 includes a demonstration of each step in the procedure with accompanying verbal description. These demonstrations can be presented either through in-person training or in a video demonstration. 28, 29 A third step may involve the learner explaining each step of the procedure with the teacher following the instructions. 30 Evidence supports the educational benefits of demonstrating procedural skills prior to hands-on training to enhance clinical skill acquisition. 28, 29, [31] [32] [33] A requirement for the proper demonstration of a procedure is for educators and instructors to come to a consensus on the way the procedure is best performed and to identify the key steps of the procedure. This can be accomplished through the development of a validated procedural checklist via a Delphi method.
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Practice
The psychomotor phase of procedural skills training involves practicing the procedure with correction and reinforcement, as well as completing the procedure on a patient in the clinical arena. 18 In our proposed framework, practicing the procedure (Practice) and proving competency through simulation-based assessment (Prove) precede performing the procedure for the first time on a patient (Do). The Practice step is optimized by using deliberate practice.
As defined by Ericsson et al, [41] [42] [43] deliberate practice describes a regimen of effortful activity designed to optimize improvements in the acquisition of expert performance. The key features of deliberate practice are motivated learners, well-defined learning objectives, focused and repetitive practice, precise measurements of performance, and formative feedback. The goal of formative feedback during practice is to improve performance. The importance of formative feedback in procedural skills training is supported by Adams's 44, 45 closed-loop theory (see Figure 3) , wherein the feedback improves a learner's knowledge of results and facilitates the detection and correction of errors.
In the Practice step, the learner is allowed the opportunity for deliberate practice of the procedure in a safe learning environment (e.g., a simulation center or in situ simulation-based training) on a partial-task trainer, mannequin, or virtual reality trainer. Evaluation at this phase is formative in nature and directed at defining areas for improvement and modification to maximize performance. Numerous reports exist in the medical literature describing the benefits of deliberate practice at improving procedural performance. [46] [47] [48] [49] Deliberate practice using simulation has been found to be superior to traditional clinical medical education in achieving specific clinical skill acquisition goals. 50 Other instructional design features shown to improve skills outcomes in simulation-based practice include a range of difficulty, distributed practice, longer practice time, using multiple learning strategies, introducing clinical variation, individualized learning, and mastery learning. 27 
Prove
In the Prove step of our proposed framework, the learner undergoes objective skills assessment on a simulator, to ensure that procedural competency has been achieved, prior to performing the procedure on a patient. The Prove step uses simulation-based mastery learning (SBML). The seven key characteristics of SBML include (1) clear learning objectives; (2) baseline skill assessment; (3) a valid assessment tool with a predetermined minimal passing standard (e.g., "masterylevel"); (4) practice that is focused on reaching mastery-level performance; (5) skill testing to assess achievement of mastery-level performance; (6) continued practice, as needed, until the mastery-level performance is achieved; and (7) progression to the next level of training only after achievement of the mastery standard. 4 Mastery learning augments deliberate practice through the addition of a clearly delineated level of performance that defines mastery, and the requirement for continuous practice until the learner achieves mastery-level performance. 51 This predefined masterylevel performance greatly informs the feedback provided to the learner and may assist with clarifying the knowledge of results, as defined by Adams. 44, 45 Competency-based assessment using medical simulation, prior to the performance of the procedure on a patient, is one of the most important roles of simulation as a patient safety modality.
1, 52 This type of "pre-patient training" is currently used in many medical training programs.
11,24,52 Multiple reports in the literature demonstrate the benefits of using an SBML model to teach procedural skills. [53] [54] [55] [56] [57] A recent meta-analysis showed simulation-based medical education incorporating mastery learning to be superior to nonmastery instruction. 58 The determination of mastery-level performance on the simulator can be performed prior to the start of clinical rotations, 24, 32, 52 or immediately prior to the performance of a procedure on a patient using a "just-in-time" model of performance assessment. 59 The ability to evaluate mastery-level performance requires an assessment tool with a high level of validity and reliability. Assessment tools for procedural skills commonly take the form of either checklists or global rating scales. 20 Methods used to determine the validity and reliability of these assessment tools are described elsewhere. [60] [61] [62] The evidence supporting the psychometric properties of several assessment tools has been recently reviewed. 63, 64 Both checklists and global rating scales have benefits and drawbacks. Benefits of checklists include their specific and objective nature, typically involving a sequential series of steps in the procedure with a simple "done" or "not done" check box next to each step. 65 Drawbacks of checklists include the fact that sequential checklists may not convey a differentiation in status of critical versus less important steps, and that sometimes not all steps of a checklist are required to successfully complete a procedure. 20 Global rating scales provide a more broad-based assessment of procedural competency. Global rating scales, typically involving a Likert-type scale, are used to provide a global rating of procedural skill (e.g., 1 = novice, 3 = competent, 5 = expert). Specific behavioral anchors can be used to provide explicit examples of the behaviors that are indicative of each skill level, yielding a type of global rating scale known as a behaviorally anchored rating scale. A benefit of a global rating scale is the comprehensive impression of competency it provides, without reliance on predefined steps to determine proficiency. 20 Limitations include the loss of granularity and inability to provide specific feedback based on incorrect steps. 20 Given the benefits and drawbacks of each type of assessment method, we recommend a hybrid assessment tool that includes both a checklist and a global rating scale to mitigate the weaknesses of both methods and accentuate their respective strengths. An example template of such a hybrid procedural skills checklist is provided in Appendix 1.
Do
The teaching of procedural skills must eventually move from the simulation realm to the clinical realm. In Miller's 66 well-known hierarchy, assessment begins with "knows," then progresses to "knows how," "shows how," and culminates in "does." Assessment of procedural skills on a simulator aligns with "shows how," and assessment of procedural skills on a real patient aligns with "does" in Miller's pyramid. 66 In our proposed framework, after cognitive knowledge of the procedure has been attained (Learn), the procedure has been modeled (See), sufficient practice using simulation has been conducted (Practice), and verification of procedural skill to a predefined mastery level on a simulator has been achieved (Prove), the learner is finally allowed to perform the procedure on a patient (Do). Thus, only after a trainee is deemed competent on a simulator can he or she continue the process of procedural skill development on real patients in the workplace. This translation of the procedural skill from the realm of simulation to a real-world setting represents a key transition point.
Because of the inherent differences between simulation and real-life clinical practice, competency during simulation should never be considered adequate evidence of true clinical competency. Rethans et al 67 defined competencybased assessment as measures of what doctors do in testing situations (e.g., simulation), and "performance-based assessment as measures of what doctors do in practice." 67 Performance-based assessment is required to ensure that the learner can be trusted to perform the procedure independently and without direct supervision. The concept of entrusting a trainee to perform in the clinical environment without direct supervision is the core tenet of entrustable professional activities. 68 As proposed by ten Cate, 69 the levels of graduated supervision leading to entrustment progress from observation of the procedure only, to performing the procedure with direct supervision in the room, to having supervision available within minutes, to performing the procedure unsupervised (i.e., under clinical oversight), and eventually to providing supervision to more junior practitioners. In our proposed framework, graduated supervision occurs during the Do step, leading eventually to entrustment, and then to ongoing skill maintenance in the Maintain step.
For the Do step to be successful-and safe-the learner must initially be directly supervised during the performance of a procedure on a patient and receive real-time assessment and feedback on technique. This type of direct observation has been referred to as "workplace-based assessment," "assessment of performance," or a "supervised learning event." 70, 71 These assessments are formative in nature and provide an opportunity for a preceptor to give direct feedback to a trainee to optimize procedural skills and patient outcomes while avoiding harm. Providing a structured environment within which a learner can reliably receive formative assessment of procedural skills can be accomplished through individualized one-on-one training during a clinical rotation, or by rotation on a dedicated medical procedure service. [72] [73] [74] Supervision in either context is best provided by an attending physician or other expert provider, as opposed to one of the trainee's peers. [74] [75] [76] The determination of clinical competency with a procedural skill is challenging, but several methods may help determine clinical competency, including an individualized screening process, tracking the number of procedures performed by a trainee, and statistical analysis of procedural success and failure rates. Each of these methods has benefits and drawbacks. Ideally, some combination of these assessment methods could be used simultaneously to provide optimal evidence of clinical competency.
As described by Rethans et al, 67 assessment of procedural competency during clinical care should include a general screening component in which all trainees participate, followed by either a continuous quality improvement cycle for those who pass the screen, or a diagnostic investigation and follow-up for those who perform poorly on the screen. To facilitate the screening process and provide an accurate assessment of procedural competency, the same checklist or assessment tool used in the Prove step can be used in the Do step-this time to evaluate procedural skill on a patient, rather than a simulator. The benefits of this methodology include the one-onone expert assessment provided to each individual learner. Drawbacks include difficulty facilitating the one-on-one supervision and feedback in a busy clinical environment and the need for faculty training in the use of the assessment tools.
In the United States, several ACGME resident review committees have outlined specific "key index procedures" for their specialty and have published guidelines on the minimum numbers of these procedures that a resident must perform prior to graduation. [77] [78] [79] [80] The goal for this minimum number is to ensure that each trainee receives adequate exposure to these key index procedures and, as a result, achieves performance-based competency. Benefits of this method include the relative ease with which the assessment can be done using procedure logs, also referred to as case logs. A clear drawback is that performance of a set number of procedures does not provide definitive evidence of achievement of competency because there is a wide range of procedural experience required for individuals to achieve competency, and some trainees will achieve competency more slowly and require more procedures to do so than others.
Cumulative summative (CUSUM) analysis, a type of statistical control chart, has been explored as a method of obtaining objective information on both individual competency and the average number of procedures that are required to achieve competence amongst a given learner group. Using CUSUM analysis, individual learning curves can be created based on predefined acceptable and unacceptable failure rates and reasonable probabilities of type I and type II errors. Early evidence using CUSUM methodology to define the number of procedures needed to achieve competency is promising. [81] [82] [83] Benefits of CUSUM include the reliance on objective statistical analysis of procedural success. Drawbacks include the need for trainees to diligently record all procedural successes and failures and the inherent difficulties in defining "acceptable" success and failure rates for any given procedure.
Maintain
Once achieved, competency with a procedural skill will degrade with time if the procedure is not practiced regularly. The term "de-skilling" has been applied to the gradual loss of skills through infrequent practice. 84 In novice providers, this de-skilling will likely occur rapidly. In experienced providers, de-skilling may occur more slowly. However, degradation curves for procedural skills, based on learner groups and experience, have yet to be defined. Thus, the required frequency and intensity of practice needed to maintain procedural skill are unknown. The area of skill decay, and simulationbased interventions to avoid skill decay, is an active area of ongoing research.
For practitioners who do not perform a specific procedure on a regular basis in their clinical practice, or who have long gaps in clinical time, simulation provides the only feasible method to allow needed practice with the procedure. 85 A theoretical representation of the synthesis between simulation and clinical practice on procedural skill development and maintenance is provided in Figure 4 . As shown in Figure 4 , skill maintenance could include both clinical practice and simulation, with simulation acting as supplemental training for infrequently performed procedures or as refresher training after breaks in clinical practice. 85 Tracking of procedures (e.g., with procedure logs) or CUSUM analysis could be included as part of individual continuous quality improvement to provide objective information on the potential need for simulation-based refresher training. Several methods have been used to provide simulation-based maintenance training: "dress rehearsals," "rolling refreshers," "just-in-time" training, and "booster" training. 9, [86] [87] [88] [89] Maintenance of competency in procedural skills in one's area of clinical practice is a critical component of lifelong learning, and key to the ACGME and American Board of Medical Specialties core competencies of Patient Care and Procedural Skills and Practice-based Learning and Improvement. The American Board of Anesthesiology currently uses a simulation-based practice performance assessment and improvement program to satisfy maintenance of certification (MOC) requirements. 90 Other medical specialties, including family medicine, are investigating the use of simulation-based training for MOC as well. 90 
Summary
In this article we have described a six-step, evidence-based pedagogical framework for procedural skill training in medicine: Learn, See, Practice, Prove, Do, Maintain. The framework was developed after a review and critical synthesis of the literature and is founded on adult learning theory. The evidence behind each of the key components of the framework is rooted in empiric investigation. We hope that the framework described here will provide a comprehensive conceptual guide to medical educators involved in teaching procedural skills. Implementation of our proposed framework will no doubt be challenging. The formal structure of the training paradigm, with a focus on competency-based assessments through simulation, performance-based assessments during clinical care, and skills maintenance augmented by simulation as needed, presents a paradigm shift in procedural skill training. However, we believe that adoption of the framework by medical educators will improve procedural skill training and will ultimately improve medical care and patient safety. 
